Development of permanent platelet refractoriness is a major problem in multitransfused patients with diseases such as leukemia, aplastic anemia, o r pediatric solid tumors. We tried to prevent alloimmunization in t h e s e patients by systematic u s e of leukocyte-free blood compon e n t s with less than o n e million of contaminating leukocytes per unit of platelets o r red cells. Our study group comprised 26 patients with a minimum of 10 platelet transfusions per patient. T h e s e patients w e r e compared with a historical reference group of 21 patients w h o had received standard blood products. In t h e leukocyte-free group none developed platelet refractoriness, in contrast HILE MODERN anticancer therapy is becoming more aggressive, including allogeneic and autologous bone marrow transplant programs and high dose chemotherapy regimens, more vigorous measures are needed to support patients through periods of prolonged pancytopenia. Platelet transfusions are crucial in supportive care. One major obstacle is the development of platelet refractoriness, meaning that no more platelet level increments can be achieved by transfusions. ' Permanent platelet refractoriness to random pooled platelets is mostly due to human leukocyte antigen (HLA)-alloimmunization, which can be proven serologically.* Even antibodies reactive to platelet-specific antigens can cause destruction of transfused platelets. Of course, a poor response to transfused platelets may also be due to sepsis, fever, disseminated intravascular coagulation, splenomegaly, poor viability of platelets given, or other conditions. Prevention of HLA-alloimmunization and the problems it presents has been tried through utilizing single-donor platelet^,^*^*^ HLA-matched platelets,6 and platelets of family members. These means may be helpful once alloimmunization has occurred but are laborious and expensive.
HILE MODERN anticancer therapy is becoming more aggressive, including allogeneic and autologous bone marrow transplant programs and high dose chemotherapy regimens, more vigorous measures are needed to support patients through periods of prolonged pancytopenia. Platelet transfusions are crucial in supportive care. One major obstacle is the development of platelet refractoriness, meaning that no more platelet level increments can be achieved by transfusions. ' Permanent platelet refractoriness to random pooled platelets is mostly due to human leukocyte antigen (HLA)-alloimmunization, which can be proven serologically.* Even antibodies reactive to platelet-specific antigens can cause destruction of transfused platelets. Of course, a poor response to transfused platelets may also be due to sepsis, fever, disseminated intravascular coagulation, splenomegaly, poor viability of platelets given, or other conditions.
Prevention of HLA-alloimmunization and the problems it presents has been tried through utilizing single-donor platelet^,^*^*^ HLA-matched platelets,6 and platelets of family members. These means may be helpful once alloimmunization has occurred but are laborious and expensive.
Alloimmunization and refractoriness to platelets are provoked by leukocytes present in routinely prepared platelet concentrate^.^ The risk of alloimmunization is influenced by both the total number of contaminating leukocytes and the types of leukocytes present. The most immunogenic cells in transfused blood are those expressing the major histocompatibility complex class I1 antigens,'.' ie, monocytes, B cells, and dendritic cells. Cells lacking class I1 antigens, such as to t h e reference group w h e r e 11 of t h e 21 patients became refractory to random platelets. T h e median corrected platelet increment for random pooled platelets was significantly higher in t h e leukocyte-free group compared with t h e reference group. The increasing number of transfusions did n o t correlate with t h e development of platelet refractoriness; instead we propose t h a t t h e lower limit of antigenic exposure is important. We conclude t h a t systematic u s e of leukocyte-free blood components effectively prevents development of platelet refractoriness and contributes to optimal supportive c a r e of children with cancer. 0 1990 by The American Society of Hematology.
platelets and resting T cells, are relatively nonimmunogenic.'.' ' We have focused on systematic use of leukocyte-free blood products. In 1985 we changed to exclusive use of leukocytefree blood components, including both packed red blood cells and platelet concentrates, in all patients treated a t the pediatric Hematology/Oncology Unit. We present encouraging data indicating that this policy is effective prophylaxis against platelet refractoriness in multitransfused patients.
SUBJECTS AND METHODS
The preparation and properties of the leukocyte-free platelet and red cell products used have been previously described." Briefly, the leukocytefree red cells were prepared by combining effective buffy coat removal with subsequent filtration. After high-spin centrifugation (6000 g 4 minutes) of a fresh whole blood unit, 40 mL of buffy coat layer was carefully removed. The red cells were then suspended in 100 mL of SAGMAN solution (877 mg sodium chloride, 16.9 mg adenine, 819 mg glucose anhydride, and 525 mg mannito1/100 mL of water; Baxter SA, Le ChLtre, France) and filtered through a cellulose acetate filter (Cellselect R, NPBI, Emmer-Compascuum, The Netherlands).
The resulting packed red blood cell product was characterized by harvesting all leukocytes from 39 red blood cell units after ammonium chloride hemolysis, counting the leukocytes in chamber, and typing them using a panel of monoclonal antibodies (MoAbs). The mean number of leukocytes per unit of red blood cells was 0.1 x lo6 cells, and the number per unit was always less than 1 x lo6 cells. Of the remaining leukocytes, 40% to 70% were granulocytes, 30% to 50% were T cells, and less than 2% were leukocytes carrying class I1
HLA antigens (monocytes and B cells)."
The leukocyte-free platelet products were prepared from 1 to 3 day old standard platelet concentrates by cotton wool filtration. In order to result in a platelet concentrate with consistently less than 1 x lo6 leukocytes per unit, the number of leukocytes in thestandard platelet concentrates should be relatively low to start, and the filter should not be overloaded. The mean number of leukocytes was 100 x lo6 cells/unit in our standard platelet concentrates, and no more than four such units were pooled and filtered through one cotton wool filter (Imugard IG-500 Terumo, Tokyo, Japan). The number of platelets decreased by about 20% during the procedure. The resulting pools of leukocyte-free platelet concentrates were characterized by first removing most of the platelets by aggregating them selectively with collagen, and then counting and typing the contaminating leukocytes as described above." The mean number of leukocytes per unit of platelet concentrate was 0.04 x lo6 cells (upper range,
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The methods for enumerating and characterizing white blood cells (WBCs) in the "leukocyte-free'' products are too cumbersome for routine use. For continuous quality control purposes, microscopic WBC counting is utilized. Two whole hemocytometers (FuchsRosenthal chambers) with a volume of 3.2 pL are counted using 1: 10 dilution for platelet and 1 :20 for red blood cell products. During the years of this study, about 350 units of leukocyte-free products have been screened, and the number of leukocytes has remained below the detection limit of the counting system, which corresponds to about 0.8 x IO6 cells/unit. Only two units of red blood cells have exceeded this detection limit.
Our series comprised 47 multitransfused patients, with a minimum of 10 platelet transfusions per patient. The patients were 1 to 17 years of age and were treated at the Unit of HematologyOncology of the Children's Hospital, University of Helsinki, Finland. None had prior pregnancies. The diagnoses included severe aplastic anemia, leukemia and solid tumors. Of the 47 patients, 36 had received allogeneic or autologous bone marrow transplants and/or high dose chemotherapy ( Table 1 ).
The standard platelet group (group I) is a historical reference group of 21 patients, 13 boys and eight girls, who were treated between 1978 and 1984. These patients received standard blood products only (except that during the 1980's. buffy coat-free red blood cells were used). The leukocyte-free study group (group 11) was given leukocyte-free blood products only and consisted of 26 patients, I 5 boys and 11 girls, treated during or after 1985. Groups I and I1 did not differ regarding age or amount of immunosuppression. In group I1 we had more solid tumors and autologous bone marrow transplants ( Table 1) .
The number of transfusions per patient is shown in Table 2 . The number of red blood cell transfusions and the total number of units per patient were not different between groups I and 11. There were more platelet transfusions and less granulocyte transfusions per patient in group 11. The difference in the number of granulocyte transfusions is due to a change in the routine policy to treat sepsis. In group I1 two patients had received granulocyte transfusions on one occasion each (on two consecutive days). These patients were evalulated both before the granulocyte transfusion and as a whole, and because this did not make any difference, we did not exclude them.
The individual periods of immunization time, during which all the platelet transfusions were administered, did not differ between Patients. Abbreviations: ALL, acute lymphoblastic leukemia; ANLL, acute nonlymphocytic leukemia; BMT. bone marrow transplantation: ARA-C. cytosine arabinoside. groups I and 11. In group I, the median was 6 months with a range from 1 month to 6 years, and in group 11, the median was 8 months with a range from 1 month to 2 years, 4 months. Platelet refractoriness was defined as an increment/unit/m* (corrected increment) of c 2 x 109/L. One-hour posttransfusion increments were used," unless there clearly was no platelet consumption and thus one-day increments were acceptable. The median corrected increment of, generally, the last five (never less than two) platelet transfusions with random pooled platelets was determined for each patient. If HLAmatched or family member platelets were used, a difference in increment had to be demonstrated compared with random pooled platelets.
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HLA-antibodies were demonstrated in several refractory patients, but because HLA-and platelet antibodies were not routinely measured in this study, serological data is not included in the definition of platelet refractoriness. We are aware that although alloimmunization to HLA antigens is a major cause of refractoriness, a single one-hour increment may be influenced by multiple clinical factors, eg, disseminated intravascular coagulation (DIC), bone marrow transplantation, prior splenectomy, splenomegaly, and to a lesser extent, by fever."
The median test and Chi square test were used in the statistical analyses.
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RESULTS
The one-hour increments to random pooled platelets remained adequate in the leukocyte-free group even after multiple platelet transfusions, while the increments were significantly lower (P < .Ol) in the standard platelet group (Fig l) .In the leukocyte-free group, none had an increment of 2 x 109/L/unit/m2 or lower; while in the standard platelet group, the median increment was 2, and 50% of the subjects were below 2, ie, were refractory by our definition (Fig 1) .
Within the standard platelet group of 21 patients, 13 received HLA-matched platelets, and 14 received platelets from family members by apheresis. Of the 21 patients, 11 were refractory (Table 3 ). In contrast, in the leukocyte-free group of 26 patients, family member platelets were never needed, and none developed refractoriness (P < .0005). A few patients received occasional HLA-matched platelet trans- fusions, which, however, gave no better increments than random pooled platelets ( Table 3) .
The number of platelet units administered did not correlate with the development of platelet refractoriness. Within the standard platelet group, there was no difference in the number of platelet units administered between the refractory and nonrefractory individuals (Fig 2) . However, a minimum of transfusions seems to be necessary for the development of refractoriness; our cutoff limit of 10 platelet transfusions per patient was based on the fact that none among our patients below that limit was refractory. In terms of units of platelets given, a minimum of about 50 units of standard platelets was needed for the development of refractoriness (Fig 2) . No correlation was observed when the number of platelet units administered per patient was plotted against the platelet increment/unit/m2 in the standard platelet group and leukocyte-free group separately (Fig 3) . These data show that increasing the number of transfusions is not a major factor in platelet refractoriness. Interestingly, the number of granulocyte units administered did not seem to influence the development of platelet refractoriness; within the standard platelet group, those who became refractory to platelets had received no more granulocyte transfusions than those who remained nonrefractory (Fig 4) .
We did not notice any correlation between the age of the patient or the duration of the immunization time while platelet transfusions were administered and the development of platelet refractoriness. Regarding the role of immunosuppressive therapy, we had in the standard platelet group four patients with severe aplastic anemia who were on conservative and supportive therapy without immunosuppression; nevertheless, one of the four never became refractory.
DISCUSSION
Alloimmunization against HLA-antigens is a major cause of permanent refractoriness to random platelet transfusions in multitransfused patients. Although a study using a histor- ical reference group might be subject to biases, our data strongly suggests that systematic use of leukocyte-free platelets and red blood cells is effective prophylaxis against platelet refractoriness. None of the 26 patients in the leukocyte-free study group developed refractoriness, although each patient was transfused with 28 to 420 units of platelets (10 to 63 platelet transfusions) and 44 to 474 units of blood products in total. In contrast, half of the patients in the standard platelet group became refractory.
In the patient population of immunosuppressed children with cancer, the threshold level for developing refractoriness seemed to be about 10 platelet transfusions, or about 50 units of standard platelet concentrate (Fig 2) . Otherwise, the development of refractoriness did not correlate to the increasing alloantigenic load, ie, the increasing number of platelets, red cells, units in total, or even units of granulocytes administered. Unfortunately, there is no way to predict who will become refractory and who will not.
About half our patients transfused with standard blood components became refractory to random platelet transfusions. The rate of alloimmunization is rather high but comparable with results published earlier. '4-24 On the other hand, the HLA immunization rate might be higher in patients not undergoing ~hemotherapy.'~.'~ It is evident that alloimmunization cannot be prevented with the strongest immunosuppressive or even ablative therapy, as in the bone marrow transplant regimens.
We propose that the lower limit of antigenic exposure is important. Depletion of contaminating immunogenic leukocytes has been sought by several investigator^^^^^^ ( Table 4) .
Reduction of the number of leukocytes per unit to 10% or even below 1% of the standard level seems to reduce the incidence of platelet refractorines~.'~*~~-~' In the present study none of the patients receiving less than 1 x lo6 contaminating leukocytes per unit developed refractoriness ( Table 4) . Although the minimal immunogenic dose is not known, we seem to be very close, especially when the type of the remaining leukocytes is taken into account. In our blood products, the number of cells carrying major histocompatibility complex class II antigens was very low." The use of leukocyte-free blood components as prophylaxis for platelet refractoriness is beneficial in several aspects.
Leukocyte-free blood components are available to everybody and can be used independently of the patient's HLA type or family conditions, as opposed to the use of HLA-matched products or blood donated by family members. It does not require apheresis procedures, as does the use of single-donor platelets. Even the risk of contamination with cytomegalovirus may be reduced in using leukocyte-free blood components.'' On the other hand, this type of prophylaxis would require systematic use of leukocyte-free blood products in hematology/oncology units in order to include all potential candidates who might become multitransfused, particularly because the tendency to develop refractoriness cannot be individually predicted. The costs of transfusions will inevitably increase with such a policy. These extra costs are, however, balanced by reduced expenses on HLAmatched platelets.
We conclude that systematic use of leukocyte-free blood components at the level of less than 1 x lo6 of contaminating leukocytes per unit is effective prophylaxis against alloimmunization and platelet refractoriness in multitransfused pediatric patients. Our need for HLA-matched platelets and apheresis of family members has dramatically decreased with this new policy. Decreasing threat of platelet refractoriness should allow better supportive care and more aggressive approaches in anticancer therapy. 
